Membrane electrode assembly (MEA) serves as a central component in proton exchange membrane fuel cells. Reliability of the MEA is critical to ensure a proper functioning of the fuel cell. The objective of the present study is to develop a numerical model to predict the onset of MEA crack formation. Tensile tests have been conducted at different humidities and temperatures to determine the mechanical properties of MEA. The results of these experiments were combined to a finite element model to establish a failure criterion of MEA, both for direct and fatigue crack. The proposed criterion, based on dissipated energy, was shown to successfully predict the failure of the MEA in various environmental conditions.
Introduction
In a context of growing concern over the depletion of petroleum-based energy resources, much research has been focused on alternative solutions. By allowing efficient conversion of chemical energy into electricity through the reaction of hydrogen and oxygen, proton exchange membrane fuel cells (PEMFCs) are considered a promising technology for a variety of power generation applications. In particular, there is great interest in using them as an alternative to traditional internal combustion engines for automotive applications [1] . Fuel cell technology superiority over conventional engines in several aspects have been demonstrated, including high energy density and high efficiency (over 50% for PEMFCs), easy scale-up and, most importantly, no emissions, the only by-products being water and heat [2] .
However, durability remains as a major barrier to overcome in order for fuel cells to become economically viable. For that to happen, reliability has to be extended while still reducing the costs.
The United States Department of Energy estimates that by 2015 a lifetime of 5,000 hours for transportation application and 40,000 hours for stationary units should be achieved, at a cost no greater than $30/kW [3] . In 2009, a lifetime of 2,500 hours for a cost of $61/kW was reached for transportation, while in 2005 a lifetime of 20,000 hours was attained for a stationary fuel cell [4] . In order to achieve a greater lifetime for PEMFCs, it is necessary that the failure mechanisms of its components be clearly understood.
The membrane electrode assembly (MEA), composed of the two electrodes and of the ion exchange membrane, is the central part of the cell and plays a critical role by being the siege of the chemical reaction, conducting protons between the electrodes while acting as a barrier for the reactants and as an electronic insulator. Any failure of the MEA will compromise the function of the PEMFC, and there is much ongoing research to get a better understanding of its properties [5] [6] [7] . There have been much interest in the physical and chemical aspects of the gas flow through the layers and of the interactions between reactants [10, 11] . These studies usually focus on the static and dynamic behavior of the fuel cell components, but do not take into account mechanical strains or failure.
The ion exchange membrane has also been subject to much research in order to understand its complex behavior [14, 15] . The effects of various external parameters like temperature or chemical environment are investigated, but the failure of the membrane has to this date not been systematically investigated.
Some research exists on catalyst layers aiming to make its structure optimal, but its mechanical properties are not well documented.
This study develops a numerical model to predict the failure criterion of the MEA. As a first step, tensile tests are conducted to determine the mechanical properties of the MEA. Because the behavior of the MEA in different environments is not yet well documented, and because a fuel cell during its operation will cycle through wide ranges of temperatures and humidities, it is necessary to know these properties first. A shear-lag elastic plastic model as well as a finite element model is then developed to establish a failure criterion and to analyze the stress-strain constitutive behavior of the MEA. Finally, the finite element model is used to conduct a fatigue analysis of the MEA. This study should provide a better understanding of the mechanical behavior of the MEA as well as a way to include the failure of the components in future models.
Methods of the study

Experimental procedures
The experimental procedures have been described in detail in another paper by Kai et al. [13] , so this section will only give a summary of the methods used.
In order to investigate the properties of the MEA, a specimen was made using Nafion ® 211, of thickness 25 μm, commercially available from the company DuPont™. Nafion is a perfluorosulfonic acid polymer commonly used in fuel cell technology thanks to its high chemical stability. Catalyst ink was prepared by mixing 60 wt% Pt/C and coated on a Teflon sheet with a Pt loading of 0.2 mg/cm 2 . The formed catalyst layers (CLs) were transferred to both sides of the Nafion using the heat press method at 1.5 MPa and 130 °C for 10 minutes. The corresponding CLs were approximately 4 μm in thickness. Specimens to be tested were finally cut to dimensions of 25 mm x 5 mm. Tensile tests were conducted using a tensile machine and an environmental chamber, while the surface of the CL was observed using a microscope, as depicted in Fig. 1(a) . Figure 1 (b) shows a characteristic view of the surface of the CL before the tests. The surface
roughness was visible on the surface of MEA due to the heat press method, but it did not affect the crack initiation and propagation during tensile and fatigue tests.
Tests were performed for temperatures of 25, 40, 60, 80 and 90 °C, and for humidities of 20, 50 and 80 %RH, for a total of 15 different sets of parameters. Specimens were applied a constant strain rate of 0.0025 s -1 , and tests were repeated five times for each set of parameters.
A second set of experiments was performed at 25 °C and 50 %RH, in order to test the fatigue behavior of the MEA. Two strain rates were tested, namely 0.0025 and 0.025 s -1 . A regression analysis was then realized in order to derive a Coffin-Manson type law, linking the amplitude of plastic strain to the number of cycles to failure.
Shear-lag model
The shear-lag model is designed to predict the crack behavior of a brittle thin film over a polymer subsrate submitted to tensile strains, and thus applies to the case of the MEA. It links the transmission of shear stress from the substrate to the thin film, to the observed crack distribution on the film. Derivation of the relationship can be found in other studies [8] . The material parameters, the crack density and the critical strain are linked as follow: (1) if the crack appears before the yield of Nafion, and (2) if the crack appears after. n is the crack density, ε Y the yield strain of Nafion, E the Young's modulus, t the thickness and the indices N and CL represent Nafion and the catalyst layer, respectively. The crack initiation stress is noted σ*.
In order to calculate the crack initiation stress it is then necessary to apply an arbitrary strain and to calculate the corresponding crack density. A simpler approach is to apply the crack initiation strain, ε*, established in the tensile tests. At this strain, n becomes strictly positive: for a specimen length of 25 mm, at ε*, n can be said to be equal to 0.04 mm -1 after the first crack.
The major advantage of this model is its simplicity; however it assumes that the cracks appear before the yield of CLs. Because of this, the expected crack initiation strain calculated from this model cannot be relevant when this is not the case.
FEM Analysis
Numerical models, and in particular the finite element method, are a convenient way to estimate the properties of a fuel cell or of its individual components; the alternative being systematic experiments, which are expensive, time consuming and require the use of multiple prototypes. Though some amount of experimental data is necessary to calibrate and validate the numerical models, this method still allows to save much valuable resources.
The commercial software ABAQUS was used to realize the finite element model. The first purpose of the analysis was to be able to accurately replicate the tensile experiment, so the model was created with the dimensions of the MEA used in the experiments. Because of multiple symmetries, only one eighth of the actual specimen had to be created. A view of the model is presented in Fig. 2 .
Mechanical properties of both layers (Nafion and CL) were established according to the data found in the experiments. Missing properties were chosen according to previous
studies, or, because of the lack of existing data, fitted to reproduce experimental results.
Fig.2 Overview of the Finite Element Model
For Nafion, a two-layer viscoplastic model was used in order to account for the strong time dependant response of the polymer. This model consists of the superposition of a linear elastic-plastic model with isotropic hardening and a perfect viscoplastic model following the Norton-Hoff law:
where σ V is the viscous stress, ε is the strain rate, A and n are fitting parameters.
A total of five parameters are needed for this model: the linear elastic-plastic part requires the Young's modulus, the yield stress and the hardening coefficient; the viscoplastic part requires two fitting parameters as defined in Equation 3.
The two-layer viscoplastic model has already been used to simulate the behavior of Nafion in previous studies [9] , and has been shown to be accurate in reproducing observed behavior at low strains. The range of strain relevant to this study being low (the cracking of the CL typically happening before yielding of Nafion), that model was considered satisfying for the purpose of the study.
For the CL, linear elastic-plastic behavior was assumed. Because of the process of fabrication of the CL, it is not possible to realize experiments on it alone; as a result its mechanical properties have to be approximated by combining more accessible parameters using the following equation: (4) where the indices MEA, N and CL represent the assembly, the Nafion layer and the catalyst layer respectively; E is the Young's Modulus and t the thickness of the respective layers. Similar equations were used for other parameters by replacing the Young's Modulus by the hardening coefficient or by the yield stress.
The second step of the FEM analysis was to perform fatigue tests, for this purpose cyclic strain was applied to the model, in a range of amplitudes and strain rates. The aim of this analysis was to establish a failure criterion for the MEA during fatigue experiments.
Results and discussion
Tensile properties of the MEA
This section will summarize the experimental results obtained from the tensile tests. As exemplified in Fig. 3 , the stress-strain curves clearly show an elastic and a plastic domain separated by a yielding point. However, this yielding point is not as sharply defined as for perfect elastic-plastic materials because of the viscous properties of the membrane.
As a general trend, higher temperatures lead to higher yield strain and lower yield stress in Nafion and in the MEA. The Young's Modulus is also decreased. This can be explained by the fact that Nafion undergoes a thermal transition which can be assimilated to a glass
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Higher humidities have the same effect, but for different reasons: as Nafion absorbs water and swells, the plasticizing effect of water, by weakening the intermolecular forces, makes the stiffness decrease. In the range of humidities tested, temperature seems to have a more clearly visible effect on the properties of the membrane. Fig.3 Stress-strain curve of MEA and Nafion for 25°C, 50%RH The FEM was then calibrated to fit the experimental results. For each temperature and humidity experimentally tested, the five parameters mentioned in section 2.3 were calculated. They are summed up in Table 1 .
The validity of these parameters has been tested by comparing the FEM simulation with the experimental stress-strain curve for Nafion, as exemplified in Fig. 4 . The FEM slightly overestimates the yield point of Nafion, but the accuracy of the model is good overall. Fig.4 Comparison of experimental and numerical results of Nafion for 40 º C and 20 %RH Then, mechanical properties of the CL were estimated. Using Equation 4 and results of the tensile test for the MEA and for Nafion alone, the properties of the CL were calculated. It has been found that temperature has no visible impact on the mechanical properties of the CL; however, it is affected by humidity. The Young's modulus of CL used for the finite element analysis, as well as its yield stress and strain, are summed up in Table 2 below. These values are supported by those proposed in a similar study [16] .
It is worth noting that yielding of CL always happen before yielding of Nafion. Also, while Nafion is stiffer than the CL at ambient temperature (25°C), this is reversed at higher temperatures. 
Failure criterion of MEA under static tensile loading
Failure of the MEA happens in several stages: cracks first appear, before widening and propagating; eventually the CL is entirely delaminated from the membrane. The stage relevant to this study is the crack initiation, and thus the failure criterion is defined by the apparition of the first crack in the CL. For a uniaxial tensile test, failure can be linked to an applied strain; however in a real situation the strain is likely to be multiaxial, so it is best to define the failure criterion using the local Mises stress at the time of failure. The Mises stress cannot be calculated from the experiment, and so was obtained via the FEM using the experimental crack initiation strain. This strain is shown in Fig. 5 for different conditions.
Temperature seems to have a greater effect on the crack initiation strain than humidity. This can be explained by the fact that as Nafion becomes more compliant, more stresses are transmitted to the CL. As temperature affects the stiffness of Nafion more than humidity, so is the case with crack initiation.
Using this strain, the corresponding Mises stress was calculated in the numerical analysis. The predicted crack initiation stress from the shear-lag model was obtained by solving Equations 1 and 2 for σ*. Equation 1 can be solved explicitly, but Equation 2 requires an implicit solution. The results for both the shear-lag model and the finite element model are compiled in Fig. 6 .
As noted earlier, the shear-lag model is only accurate for cases where the crack initiation happens before yielding of the CL. This range can be seen by comparing the crack initiation strain shown in Fig. 5 with the yield strain from Table 2 . The situations where the shear-lag model is valid are, for 50%RH: 60, 80 and 90 º C, and for 80 %RH: 40, 60, 80 and 90 º C. The reason for this limitation is that the model assumes a stiff film over a compliant substrate; however Nafion appears stiffer than the CL at low temperatures and humidities. As these parameters increase, Nafion becomes more compliant, thus satisfying the hypothesis. As can be seen in Fig. 6 , in cases of high temperature and high humidity the results given by the two models are fairly similar. The FEM analysis has the advantage of having no limitation with respect to temperature or humidity. Another advantage is that this method can be adapted for failure prediction under dynamic loading, while the shear-lag model is limited to static loadings. In the same manner as for the crack initiation strain, higher temperatures imply lower break stress, meaning that failure happens earlier in the test, while humidity does not have a great effect on the apparition of cracks.
These results indicate that temperature is the determining factor for estimating the durability of the MEA, whereas the humidity will not have an important effect on failure.
Failure criterion of MEA under cyclic loading
Investigating the behavior of the MEA under cycling is of major importance for the study of reliability, because the MEA during normal function of a fuel cell will be subject to cyclic loading at strains not high enough to provoke failure in a single cycle, but high enough to induce fatigue of the material. In this study, the fatigue under ambient conditions (25 º C, 50 %RH) is considered. Dependence on the strain rate is investigated. While the failure criterion is independent from the strain rate, it has been shown that mechanical parameters of Nafion are logarithmically correlated to it owing to its viscous properties [11] .
The experimental procedure consisted of submitting the specimens to cyclic strains until the first crack appeared. The objective of the finite element analysis was to replicate this experiment and to search for a failure criterion allowing to predict the onset of failure. Fatigue failure occurs when the stress amplitude is under the maximum stress criterion for tensile tests, so there is a need for a more appropriate criterion for fatigue tests. The plastic dissipation energy D c , which builds-up during cycling until failure, and is not affected by the strain rate, was chosen. Noteworthy is the fact that fatigue only happens in cases where failure does not happen in the elastic domain of the CL, that is, low temperatures or low humidities. 3 . When applied to tensile test this critical value was found to be equivalent to the proposed break stress, within experimental error. At very low cycle, the energy builds up more rapidly and thus failure happens sooner than suggested by the simulation.
Finally, FEM analysis was done again using a strain rate of 0.025 s -1 and the same failure criterion D c =12.4 MJ/m 3 . Results are shown in Fig. 8 . The simulation successfully reproduces experimental results on the relevant range of cycles at both strain rates, which validates the chosen failure criterion.
Results indicate that higher strain rates imply a greater number of cycles to failure. This is explained by the fact that, due to the viscoplastic behavior of Nafion, it deforms less when subject to higher strain rates, and thus less stresses are transferred to the CL.
Even though good results are obtained in the investigated strain rate range, the two-layer viscoplastic model used for Nafion fails to accurately represent the behavior of Nafion under very low strain rates (in the order of 10 -5 s -1 ), and thus limits the present model. In order to overcome this barrier, a correction has to be made for such strain rates, but that would require more experiments investigating the behavior of Nafion in this range.
Conclusion
In the present work, the stress-strain constitutive behavior of the MEA was investigated. Mechanical properties were determined through experiment, and were subsequently used for designing a numerical model of the MEA. Failure criteria were established for both tensile test and fatigue analysis, and results were shown to be consistent between experiment and simulation. This study provides a better understanding of the properties of the crucial fuel cell component that is the MEA, thus serving as a base for future work to design devices with better reliability.
